Objectives: To determine whether patients presenting with a first transient ischaemic attack (TIA) subsequently show increased rates of brain atrophy compared with age matched controls; and to assess potential risk factors for brain atrophy in this group. Methods: 60 patients with a first, isolated TIA and 26 age and sex matched controls were recruited. None had evidence of cognitive impairment. Vascular risk factors were treated appropriately. All subjects had volumetric imaging at the start of the study and one year later, when they were clinically reassessed. TIA patients also had serial dual echo brain imaging. Rates of whole brain atrophy were calculated from the registered volumetric scans, as was the incidence of new ischaemic lesions. In the TIA group, the degree of white matter disease was assessed. Atrophy rates and blood pressure were compared between patients and controls. Results: 22 patients (37%) developed new "clinically silent" infarcts during follow up. The mean (SD) annualised percentage atrophy rate in the TIA group was significantly higher than in the controls, at 0.82 (0.39)% v 0.33 (0.3)% (p < 0.0001). In the TIA group, diastolic blood pressure (p = 0.004) and white matter disease severity (p < 0.001) were correlated with cerebral atrophy rate. Increased white matter disease was found in patients in whom new ischaemic lesions developed (p < 0.001). Conclusions: Patients presenting with a first TIA have excess global brain atrophy compared with age matched controls over the subsequent year. Increased atrophy rates following a TIA may be directly or indirectly related to increasing white matter disease and diastolic hypertension. Future studies should assess whether this atrophy inevitably leads to cognitive decline, and whether aggressive treatment of risk factors for cerebrovascular disease (particularly hypertension) after a TIA can influence outcome. C erebrovascular disease is associated with both cognitive decline and dementia. Cerebrovascular dementia may result from infarction of clinically eloquent cortical sites subserving specific cognitive functions or small, strategic subcortical infarcts (in the thalamus, caudate nucleus, or anterior internal capsule) that disrupt cortico-subcortical pathways.
C erebrovascular disease is associated with both cognitive decline and dementia. Cerebrovascular dementia may result from infarction of clinically eloquent cortical sites subserving specific cognitive functions or small, strategic subcortical infarcts (in the thalamus, caudate nucleus, or anterior internal capsule) that disrupt cortico-subcortical pathways. 1 However, many patients with cerebrovascular disease present with a gradually progressive decline in cognition without the classical picture of stepwise decline resulting from discrete infarcts. While in these cases the pathological process leading to changes in cognitive function is not clear, it is likely that microscopic small vessel abnormalities lead to neuronal cell death. Magnetic resonance imaging in patients with vascular dementia may reveal widespread white matter signal change (leukoariosis) and increased rates of global cerebral atrophy, 2 in common with other neurodegenerative disease such as Alzheimer's disease, where atrophy has been shown to correlate with cognitive decline and progression to dementia, 3 and to be detectable before the onset of symptoms. 4 5 Transient ischaemic attacks (TIA) are unequivocal evidence of cerebrovascular disease and constitute an increased risk of further cerebrovascular events or incipient coronary heart disease. 6 7 A TIA might therefore also herald the onset of a process leading to cognitive decline at a time when the patient is still cognitively intact. Treatment of risk factors after a TIA substantially reduces the risk of subsequent stroke 8 ; a TIA might thus provide an important therapeutic window when intervention to prevent the development of cognitive impairment could be maximally beneficial. Furthermore, TIA are likely to represent the tip of the clinical iceberg, as small cerebrovascular lesions may not produce overt symptomatology but could contribute to the microvascular pathology that leads to cognitive decline.
In this study we assessed whether patients presenting with a first isolated TIA, despite treatment of vascular risk factors, had evidence of increased rates of cerebral atrophy in the absence of symptomatic stroke compared with age matched controls. We further assessed the risk factors and correlates of progressive brain atrophy in this group.
METHODS

Subjects
Sixty patients presenting to a neurovascular clinic with a first, isolated TIA were recruited to the study. All patients had suffered a TIA within the preceding 15 days. All were fully assessed by a consultant neurologist with a specialist interest in cerebrovascular disease. None had memory or other cognitive complaints and all had a Folstein mini-mental state examination (MMSE) 9 score of at least 28/30. Current drug treatment and a smoking history were recorded. Seated blood pressure was measured from each arm to the nearest 2 mm Hg; the higher reading was used for analysis. All patients had routine analyses of vitamin B-12, thyroid function, syphilis serology, glucose, and fasting cholesterol. An ECG and chest x ray were done if clinically indicated. Patients with anterior circulation symptoms or features suggestive of carotid artery stenosis had duplex studies of the carotid vessels. All patients had serial volumetric and dual echo brain magnetic resonance (MR) imaging on the same scanner (see below). All patients were treated with antiplatelet agents (usually aspirin 75 mg), and also with cholesterol lowering agents (an HMG-CoA reductase inhibitor) if the fasting cholesterol was more than 6.5 mmol/l. Antihypertensive drug treatment was continued.
The TIA patients were age and sex matched to 26 controls. None of the controls had subjective or objective evidence of cognitive impairment, and none had a history of stroke or • Alcohol consumption > 3 units daily;
• Severe hypertension requiring more than one change in antihypertensive treatment during follow up, or persistently raised diastolic blood pressure (> 115 mm Hg); • Significant ischaemic heart disease, peripheral vascular disease, or carotid stenosis such that it was likely that major surgery might be required over the period of follow up. All subjects gave informed written consent, and the study was approved by the local ethics committee. Patients and controls were reviewed at six months and one year and questioned specifically for the occurrence of new cerebrovascular events (TIA or stroke), and for the development of any new cognitive symptoms. Blood pressure was remeasured by the same investigator using the same protocol as at the start of the study.
MR image acquisition and analysis
All subjects had imaging at baseline and one year later on a 1.5 Tesla Signa unit (General Electric Co). At each scanning session, all TIA patients had both dual echo and volumetric imaging; the controls had volumetric imaging at each time point. Dual echo imaging was done with the following acquisition parameters: TE/TR/NEX/echo train, 90/4500/2/16; field of view, 24 × 18 cm. Volumetric imaging was done using a spoiled gradient echo technique (acquisition parameters: TR/TE/TI/theta, 17/4.2/450/20; field of view 24 × 18 cm; 256 × 192 image matrix). After acquisition, images were transferred to a Sun Sparc 10 workstation (Sun Microsystems) and analysed using the in-house MIDAS image analysis tool. 10 
Volumetric analysis
For each subject, the follow up volumetric scan (at one year) was accurately registered onto the baseline image, using a nine degrees of freedom rigid body registration. Atrophy rates were calculated from the registered scan pairs using a previously validated tool, the brain boundary shift integral (BBSI). 11 
Ischaemic changes
For each individual, the difference image obtained from the registered scan pairs was studied in each of the axial, coronal, and sagittal planes to assess the incidence of new ischaemic lesions over the period of follow up.
White matter disease was scored for each patient at both time points by a consultant neuroradiologist (blinded to clinical diagnosis, scan order, or registration results) from the T2 weighted axially oriented images. A modification of Schelten's method 12 was employed. Using a scoring system between 0 and 6, where 0 corresponds to no white matter change and 6 to confluent areas of change, the following areas were assessed: frontal lobes, parietal lobes, temporal lobes, occipital lobes, caudate, putamen, pallidum, thalamus, internal capsule, and pons. Thus for each subject and at each time point, a white matter score of between 0 and 60 was possible.
Statistical analysis
Student's t tests were used to compare atrophy rates and blood pressure between patients and controls. A regression technique was used to demonstrate any relation between atrophy and blood pressure in the patient group. A stepwise regression (entry criterion, p < 0.05) was used to correlate increasing blood pressure and white matter disease severity with cerebral atrophy rate, and sex with new lesion incidence. White matter disease severity scores were transformed to a normal distribution, using the equation:
new score = [white matter score + 1]
and t tests were used to compare white matter disease severity with the development of new ischaemic lesions in the patient group.
RESULTS
Subject demographics and clinical characteristics
Demographics of the patient and control groups are shown in table 1. There was no significant difference in age between the patients and controls. In the patient group, 21 (35%) were either past (previous year) or present smokers, four had diabetes mellitus (all with stable, good glycaemic control), and 14 had raised cholesterol concentrations. The latter were started on appropriate treatment.
Mean blood pressure (averaged from readings from the start and end of the study) for the patients and controls is shown in table 2. Patients had non-significantly higher systolic and diastolic blood pressure than controls.
Thirty three of the patients had TIA involving the anterior circulation and nine involving the posterior circulation; seven had isolated amaurosis fugax. The remaining 11 patients had experienced unilateral symptoms sparing the face and speech, and not clearly attributable to a single vascular territory. During the period of follow up, 12 patients had potentially significant medical events. One continued to have TIA despite maximum antiplatelet treatment, and went on to have an uneventful carotid endarterectomy. Four patients had syncopal episodes, one had an isolated seizure, one developed angina pectoris, three had pneumonia (necessitating admission to hospital), and two had unrelated operations requiring general anaesthesia.
The MMSE declined in three patients (from 29 to 27 in two, and from 29 to 26 on one). No control showed a decline in MMSE. New lesion occurrence During follow up, 22 patients (37%) developed new, small, clinically silent infarcts: nine developed one new silent lesion, four developed two lesions, three developed three lesions, four developed four lesions, one developed seven lesions, and the remaining patient developed 12 new lesions. One patient suffered a TIA during follow up (with an anatomically appropriate new ischaemic lesion seen on MRI), but none suffered a stroke. No new lesions were seen in the control group.
Atrophy rates
The mean (SD) annualised percentage atrophy rate in the TIA group was 0.82 (0.4)%, and in the controls, 0.33 (0.3)% (table  2) . Rates of cerebral atrophy were significantly higher in the patients than in the controls (p < 0.0001).
In the TIA group, a positive correlation was found between increased rates of cerebral atrophy and systolic blood pressure (p = 0.02), diastolic blood pressure (p = 0.002), and the severity of white matter disease (p < 0.001). There was no correlation with age. Stepwise regression (entry criterion, p < 0.05) showed that increasing diastolic blood pressure (p = 0.004) and white matter disease severity (p < 0.001) were correlated with cerebral atrophy rate.
A stepwise logistic regression technique showed that male sex was correlated with new lesion incidence (p = 0.006). Increased white matter disease was found in patients in whom new ischaemic lesions developed (p < 0.001).
DISCUSSION
We have shown that patients presenting with a first isolated TIA have more than twice the rate of global brain atrophy as age matched controls over the subsequent year. This increased atrophy rate may reflect ongoing tissue damage at a subclinical level and would imply that these individuals are at higher risk of progressive cognitive decline.
Critical to this conclusion is determining the range of brain atrophy rates in normal controls and in patients with established dementia. Our finding of atrophy rates of 0.33% per annum in normal controls is broadly in keeping with the findings of Resnick et al, 13 who reported that longitudinal atrophy rates based on ventricular volume changes were less than 0.5% per annum in aged controls, and of O'Brien et al, 14 who reported annualised whole brain atrophy rates of 0.5% in 20 subjects using the BBSI technique. It is therefore likely that the excess atrophy we found in our patients following a TIA is a true finding; indeed TIA has been shown to be an independent risk factor for increased cortical atrophy in previous longitudinal computed tomography studies. 15 16 Rates of atrophy in established dementia are considerably higher than these values (for example, in Alzheimer's disease, 2.0 (0.9)% per annum; in vascular dementia, 1.9 (1.1)% 14 ). It is therefore possible that, as none of the patients in this study had significant cognitive impairment, the excess atrophy we report might represent an intermediate stage between normal aging and the development of dementia. It is likely that there is considerable heterogeneity in our cases, as in most manifestations of cerebrovascular disease.
We have shown that patients with TIA have nonsignificantly higher blood pressures than age matched controls, supporting numerous studies where increasing hypertension is a risk factor for the development of cerebrovascular disease. 17 18 In our cohort, almost 40% of patients developed clinically silent ischaemic brain lesions during the first year of follow up, despite treatment with antiplatelet agents and, where appropriate, antihypertensive drugs. This finding supports the concept of a TIA being merely the tip of the iceberg as an indicator of cerebrovascular disease. Likewise, male sex is known to be an independent vascular risk factor and so the finding of an increased new lesion incidence in our male patients is not unexpected, and indeed has been reported before. 16 We have shown that increased atrophy rates are related to increasing white matter disease. This might suggest that such lesions could be directly pathogenic, or might be markers of microscopic changes that lead to cell death and hence to atrophy. Alternatively, increased white matter disease may merely reflect the effect of hypertension. A recent longitudinal study established a relation between longstanding hypertension and the presence of white matter lesions, and showed that such changes might be prevented by adequate antihypertensive treatment. 19 The relation between white matter hyperintensities and cerebral atrophy is unclear, and several previous studies have suggested independence between measures of white matter lesions and ventricular enlargement. [20] [21] [22] However, in a longitudinal computed tomography study on elderly controls, Akiyama at al reported that progressive leukoariosis correlated directly with cortical atrophy and a decline in cortical perfusion. 15 The same study reported that risk factors for increased cerebral atrophy included TIA, hypertension, and smoking. It therefore remains unclear whether white matter hyperintensities per se are directly or indirectly related to cerebral atrophy; indeed it is also apparent that many patients with extensive white matter lesions may be cognitively unimpaired 1 or indeed normotensive. 19 We have shown that increasing diastolic hypertension is related to increasing rates of cerebral atrophy following a TIA. Hypertension has been found to be related to cerebral atrophy in cross sectional studies, 21 23 and hypertension in midlife has a direct relation to brain atrophy at necropsy, and to the accumulation of neurofibrillary tangles and neuritic plaques (the hallmarks of Alzheimer's disease). 24 Hypertension is now thought to be an independent risk factor for Alzheimer's disease. 25 There are therefore various possible explanations as to why hypertension might be associated with increased rates of cerebral atrophy. First, it could lead directly to neuronal dysfunction and death. Second, it might be one part of a cascade resulting in both covert and overt cerebrovascular disease (with or without white matter lesions or the clinical correlates of stroke or TIA), resulting in increased cerebral atrophy. Third, as hypertension appears to be an independent risk factor for Alzheimer's disease, the increased atrophy we observed may suggest the development of the earliest stages of Alzheimer's disease, with or without concomitant vascular dementia. Indeed in a recent study significant hippocampal neuronal loss, as occurs in Alzheimer's disease, was also found in patients with vascular dementia. 26 The fall in MMSE score in a small number of patients (5%) in the TIA group may be an early marker of the development of cognitive impairment over a longer period of follow up, in some patients possibly leading to dementia. Patients with brain atrophy and cerebrovascular disease have been reported to show a steeper decline in frontal executive function than controls, 22 and change in ventricular volume correlates with cognitive measures in patients with established vascular dementia. 27 A recent cross sectional study has shown that cognitive impairment in non-demented subjects was related both to the presence of white matter lesions and to cerebral atrophy. 28 Longer term studies are required to assess fully the clinical correlates of the increased atrophy we report here. Such studies should include both detailed serial neuropsychology and volumetric MRI studies, assessing regional (for example, hippocampal) as well as global atrophy, to establish whether this excess atrophy inevitably leads to cognitive impairment, and if so, what are the relative contributions of vascular and Alzheimer's pathology.
A TIA is recognised to be a warning of the development of overt cerebrovascular and cardiovascular disease. We have shown that a TIA may also be predictive of subclinical cerebrovascular disease and of increased rates of cerebral atrophy which might in turn lead to cognitive impairment and possibly to dementia. There is increasing evidence to support aggressive treatment of hypertension in patients with cerebrovascular disease, 29 and treatment with antihypertensive agents in elderly cognitively normal patients with isolated systolic hypertension appears to reduce the subsequent incidence of dementia. 30 
Conclusions
Our study supports the view that aggressive treatment of risk factors for cerebrovascular disease (particularly hypertension) is warranted after a single TIA. Future studies should assess whether such aggressive blood pressure management can halt or reduce excess brain atrophy after TIA, and whether such intervention reduces the long term risk of developing cognitive impairment or dementia.
